Background Most modifiable risk factors for high blood pressure (BP), such as obesity and salt intake, are imprinted in childhood and persist into adulthood. The aim of our study was to evaluate the intake of salt in children and to assess its impact on BP taking into account gender and nutritional status. Methods A total of 298 children aged 8-9 years were evaluated in a cross-sectional study. Anthropometric measurements and 24-h ambulatory monitoring were performed, and salt intake was determined by 24-h urinary sodium excretion. Results The average estimated salt intake among the entire cohort of children enrolled in the study was 6.5±2.2 g/day, and it was significantly higher in boys than in girls (6.8±2.4 vs. 6.1±1.9 g/day, respectively; p=0.018) and in overweight/ obese children than in normal weight children (6.8±2.4 vs.
Introduction
High blood pressure (BP) is the leading risk factor for global disease burden [1] , and its prevalence in childhood and adolescence has increased over the last decades [2] . High blood pressure during early life stages has been shown to track into adult life [3] and not expectedly to also contribute to an increase in cardiovascular morbidity and mortality [4] , especially among overweight youth [5, 6] . In addition, most of the modifiable risk factors for high BP are known to be imprinted in childhood and to persist. Consequently, it is crucial to address these issues early in life in order to reduce the burden of disease in adults [7] . In children, there is increasing evidence that obesity and high salt intake are not only important risk factors for hypertension, but possibly also the two most important modifiable risk factors.
The trendline for prevalence of hypertension parallels that for the obesity epidemic [2, 8] , and a recent meta-analysis which included studies in children has shown that salt intake is closely associated with BP [9, 10] . This is of particular concern as there is evidence of a Bprogramming^effect between salt intake in early childhood and BP later in life [11, 12] and of overweight and obese individuals being more salt sensitive [13] . Some studies in adults and adolescents have suggested that the presence of obesity might strengthen the effect of salt on BP [14, 15] , but few studies have studied this issue in children [16, 17] .
Although the importance of dietary salt reduction has been globally acknowledged, the salt intake of many children in several countries around the world children is well above the recommended amount [18] . Given the importance of identifying the best preventive measures for hypertension, there are several reasons why studying the effects of salt intake on BP should take into account the nutritional status of the subjects and why the study of these interlinked actions should be assessed as early as possible in childhood. A recent study among the Portuguese general population revealed that Portugal is one of the leading countries in salt consumption [19] . We have therefore evaluated the intake of salt (by 24-h urine estimation) in a sample of 8-to 9-year-old children and assessed its overall impact on ambulatory BP values, taking into consideration the gender and body mass index (BMI) of the children.
Methods

Study design and sample
We studied children aged 8-9 years old who have been followed since birth in a previously established cohort study (Generation XXI, Porto, Portugal) [20] . Of the original cohort (n=8647), 4590 children participated in a face-to-face followup visit at 7 years of age, including an anthropometric evaluation and blood sample collection. These children were eligible to participate in the ObiKid project-a project with the specific aim to clarify the impact of childhood obesity and associated comorbidities on the kidney. We defined a minimum sample of 300 children for the ObiKid project's main objective. To obtain this sample, we consecutively screened children according to the date of their 7-year-old evaluation. Exclusion criteria were chronic diseases (genetic, renal or metabolic), chronic usage of medication (affecting BP or glucose or lipid metabolism), and residence located >30 km from the study site; twins were also excluded. This sample size provides a statistical power of about 95 % to detect a mean difference in daytime systolic BP (SBP) of about 0.4 mmHg per gram of salt intake [21] .
Data collection and definition of variables
Study visits took place at the Department of Clinical Epidemiology, Predictive Medicine and Public Health, Faculty of Medicine of the University of Porto, between August 2013 and August 2014. Data on each child and family medical history were collected by means of a structured questionnaire. Children were considered to have a family history of hypertension when at least one parent or sibling was reported to be affected. Classes of gender-specific adequate birth weight for gestational age were defined according to the population-based Canadian reference curves (<10th percentile, small for gestational age; ≥10th percentile and <90th percentile, adequate for gestational age; ≥90th percentile, large for gestational age) [22] . The anthropometric and general physical examinations were performed according to standard procedures and as previously reported [23] . The BMI was calculated, and BMI-for-age values were classified according to the World Health Organization reference data for BMI z-scores into the following categories: normal weight [≤+1 standard deviation (SD), including 1 child classified as being thin] and overweight/obesity (>1 SD, including children who were overweight and obesity) [24] .
Ambulatory BP monitoring (ABPM) for 24 h (24-h ABPM) was performed in all children with a portable noninvasive oscillometric BP recorder (model 90207; Spacelabs Healthcare®, Snoqualmie, WA). The non-dominant arm was used in all children with a cuff size chosen according to patient's arm circumference. BP measurements were taken automatically at 20-min intervals during the daytime and at 30-min intervals during the nighttime. A minimum monitoring duration of 24 h with gaps of <2 h was required for the data to be acceptable for analysis; consequently, monitoring data from five children were excluded from the ABPM analysis due to insufficient readings (<40 readings in 24 h or <1 reading per hour during sleep). The readings were analyzed to calculate mean 24-h BP, day and night mean arterial pressure (MAP), SBP and diastolic BP (DBP) using SpaceLabs® Healthcare software. Office BP was evaluated with oscillometric validated sphygmomanometers (Elite 92125; Medel, Parma, Italy) with an adequately sized cuff on the right arm, by a trained non-physician interviewer. On each occasion, the office BP was measured three times with a 5-min interval between measurements, and the second and third measurements were averaged for further analysis. Sustained hypertension [25] was defined as (1) average SBP and/or DBP measurements of ≥95th percentile, during the day or during the night on ABPM, according to the reference values [25] , (2) a SBP or DPB load of ≥25 % during the day or night, and (3) an office SBP and/or DBP of ≥95th percentile [26] , according to the American Heart Association criteria. When office BP values were <95th percentile, but the remaining criteria were satisfied, the children were classified as presenting masked hypertension [25] . To characterize the circadian BP rhythmicity on ABPM we calculated the percentage of nocturnal fall in MAP using the formula: [(mean daytime MAP − mean nighttime MAP)/mean daytime MAP]×100. The absence of dipping pattern was considered as a fall in the MAP during nighttime of <10 % of the corresponding daytime BP.
Laboratory procedures
A 24-h urine sample was collected from all participants and analyzed for creatinine and sodium. The 24-h urine samples were considered valid if urinary creatinine was within the range of 11.3-28.0 mg/kg/day (according to age-and sexspecific reference values [27] ) and if urinary volume was >300 mL. The parents of each child received information on the correct methods for collecting the 24-h urine sample, and upon sample delivery compliance was rechecked with a brief questionnaire. Based on these criteria, 15 urine samples were excluded from the analysis. All laboratory analyses were performed in the Clinical Pathology Department of Centro Hospitalar São João. Sodium level in the urine was determined by an ion-selective electrode method, and creatinine was determined by a standard automated clinical chemistry analyzer (Olympus AU 5400 automated analyzer; BeckmanCoulter®, Brea, California). The estimated salt intake was derived from 24-h urinary sodium excretion as 1 mEq of sodium being equal to 0.0588 g of salt. We used two different criteria for considering the estimated salt intake as excessive: (1) >4.85 g/day for 4-to 8-year-olds and >5.61 g/day for 9-to 13-year-olds, which are the upper limits of the US Dietary Reference Intakes of the Food and Nutrition Board of the Institute of Medicine [28] ; (2) >3 g/day for 8-year-olds or younger and >4 g/day for 9-to 11-year-olds, according to the body surface-area-based recommendations for salt intake in children by Marrero et al. [29] .
Statistical analysis
Standard statistical analysis was performed using IBM SPSS Statistics for Windows, version 20.0 (IBM Corp., Armonk, NY)). We used t tests to compare independent means of continuous variables and chi-square tests to compare proportions between genders. Linear regression models were used to quantify the impact of estimated salt intake on several ABPM variables, and multiple linear regression models were used to account for the effect of birthweight-for-gestational age, age, BMI z-score and family history of hypertension, in that association, in the whole sample and separately in normal weight and overweight children.
Results
Among the children who were screened for entry into the study, 68 met the exclusion criteria [4 with chronic diseases (genetic, renal or metabolic), 1 with chronic usage of medication (affecting BP or glucose or lipid metabolism), 51 who resided <30 km from the study site, and six pairs of twins]. An additional 16 children could not be contacted, 32 refused to participate, and 23 although willing to participate were unable to schedule the study visits during the recruitment period. Finally, 324 children were enrolled but, for the present analysis, 11 children were excluded due to incomplete evaluation(s) and 15 were excluded because of invalid 24-h urine samples.
The 298 children who ultimately participated in the study had a mean (SD) age of 8.8 (0.2) years. General characteristics and ABPM values are shown separately for girls (n=139) and boys (n=159) in Table 1 . Boys presented with significantly higher BMI z-score values and a higher prevalence of obesity than girls. No significant differences were found between genders in mean BP values based on the 24-h ABPM. The prevalence of sustained hypertension was 1.4 % in girls and 3.8 % in boys. Loss of the dipping pattern was observed in 23 % of girls and 29 % of boys (p=0.250) ( Table 1) .
The average estimated salt intake for the entire study population was 6.5±2.2 g/day and was significantly higher in boys than in girls (6.8±2.4 vs. 6.1±1.9 g/day, respectively; p=0.018). Overall, the salt intake of 72 % of the children was above the upper limit of the US Dietary Reference Intakes, and in 95 % of the children it was above the adapted recommendations for children, based on body surface area (Table 2) . A significant linear trend of higher salt intake across classes of BMI was found, both in boys (p for trend=0.038) and in girls (p for trend=0.002). The estimated salt intake was 7.2±2.3 and 7.5±2.7 g/day in obese girls and obese boys, respectively (Fig. 1) . In the first tertile of salt intake, two (2 %) children were hypertensive; in the second tertile one (1 %) child was hypertensive; in the third tertile five (5.1 %) children were hypertensive. Among the six boys with hypertension, one (2 %) was in the first tertile of salt intake and five (8.3 %) were in the third tertile. Among the two hypertensive girls, one (2 %) was in the first tertile and one (2 %) was in the second tertile.
In girls, we observed a decrease of daytime DBP values in the overall group and of nighttime DBP in the overweight/ obese group across all tertiles of salt intake (Fig. 2) . In boys, we observed increasing BP values across salt intake tertiles, which were significant for daytime SBP (Fig. 2) . Values are presented as the mean±standard deviation (SD) or as a number (n) with the percentage in parenthesis, as appropriate BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure a The classification of overweight and obesity is according to the World Health Organization classification for BMI z-scores [24] b Children were considered to have a family history of hypertension when at least one parent or sibling was reported to be affected c Birthweight for gestational age according to the population-based Canadian reference curves [22] d Non-dipping status was defined as a fall in the MAP during nighttime of <10 % of the corresponding daytime BP e Sustained hypertension and masked hypertension were defined according to the revised American Heart Association criteria for interpretation of ambulatory BP monitoring (ABPM) data [25] f According to the upper limit of the US Dietary Reference Intakes of the Food and Nutrition Board of the Institute of Medicine (≤4.8 g salt/day for 4-to 8-year-olds and≤5.6 g salt/day for 9-to 13-year-olds) [28] g According to the body surface area-based recommendations for salt intake in children (≤3 g salt/day for ≤8-year-olds and≤4 g salt/day for 9-to 11-year-olds), by Marrero et al. [29] In the multiple linear regression analysis, daytime SBP increased by 0.56 mmHg [95 % confidence interval (CI) 0.11-1.01; p=0.014] per gram of salt intake in boys, even after adjustment for BMI z-score, whereas no significant effect was found in daytime DBP or in nighttime SBP or DBP. Daytime SBP increased by 1.00 mmHg (95 % CI 0.40-1.59; p=0.001) per gram of salt in overweight/ obese boys, while the effect of salt on daytime SBP was not significant among normal weight boys (p for interaction=0.008). No effect was found in girls ( Table 2 ). The estimated salt intake was not associated with the dipping profile. The values presented (β, CI) are for salt intake (g/day), as estimated by linear regression models, with ABPM values as the dependent variables. β regression coefficient, CI confidence interval, SBP systolic blood pressure, DBP diastolic blood pressure, BMI body mass index a Model 1 is adjusted for age (in months), height (in cm), family history of hypertension (at least one parent or sibling reported to be affected), and class of birthweight for gestational age (according to the population-based Canadian reference curves [22] ) and additionally for BMI z-score when duly indicated b Note that the effect of salt intake on daytime SBP was significant in overweight/obese boys but not significant in the normal weight boys (p for interaction=0.043) Fig. 1 Estimated salt intake by classes of body mass index (BMI). The criteria (BMI z-scores) for classifying the children into the groups of normal weight, overweight and obese are those of the World Health Organization (WHO) [24] . The estimated salt intake is expressed as the median value (horizontal line in each box) and the 25th and 75th percentiles (bottom and top of boxes, respectively). Error bar Standard deviation. p values for linear trend across groups were calculated by linear regression, adjusting for age (in months)
Discussion
In this sample of Southern European healthy prepubertal children, we observed an average estimated salt intake of 6.5± 2.2 g per day, which is not only above two different recommendations adapted for children [28, 29] , but also above the World Health Organization recommendations for the general adult population (below 5 g/day) [30] . This excessive salt intake was even higher among overweight/obese children. Interestingly, a different effect of salt on BP was found between genders: in overweight/obese boys, a higher salt intake was associated with increased BP levels, especially daytime SBP, whereas, in girls, the effect of salt intake on adjusted values of BP was not significant. The association between salt intake and BP is well established [9, 10] , but few studies in children used ABPM before, which makes our results of special interest.
Salt intake
The exact daily salt requirements in children remain to be defined and current recommendations for adequate salt consumption are only empirical expert opinions [31] , leading us to take into consideration two different recommendations. Even so, there is no doubt that one should be worried that almost 75 % of young children in our sample had salt intake above the threshold defined for adults [30] . Previous studies performed in Portugal have already showed that we are among the countries in Europe with the highest intake of salt, estimated as 10.7 g/day in the last population-based survey in adults The tertiles of estimated salt intake (1st, 2nd, 3rd: ≤5.29, 5.29-7.06, >7.06, respectively) were defined based on data collected on all enrolled participants. p values for linear trend across tertiles of salt intake were calculated by linear regression, adjusting for age (in months) [19] , and 7.8 g/day in a study in children (aged 10-12 years) [32] . Data from our sample reveals that even under 10 years of age, Portuguese children's salt intake is above current recommendations.
Association between salt and BP
We describe a trend towards an increase of BP with salt intake only in boys, with a daytime SBP magnitude of 0.56 mmHg per gram of salt per day. This finding is consistent with those reported by earlier epidemiological studies [16, 21] , and the magnitude of this association is very similar to the findings of a meta-analysis of controlled trials in children [9, 10] . Some studies in prepubertal children did not find an association between salt and BP, leading the authors of these studies to hypothesize that salt sensitivity would only begin to increase at older ages [21, 33] . Our results suggest that the different results arise because girls and boys are usually analyzed together. Also, it should be emphasized that we evaluated BP by ABPM, which is considered to be the most accurate measure to evaluate the BP burden in children [34] , while most of the studies cited here measured office BP.
Association between salt, BP, and obesity
Boys showed an increase in BP with higher salt intake, with the increase stronger in the overweight/obese group than in the normal weight group. These results are consistent with the findings of Yang et al. [16] who reported that overweight/ obese US children presented a greater risk for hypertension associated with salt intake than normal weight children. These authors reported a 1.5 mmHg increase in SBP per gram of salt among the overweight/obese (vs. a 0.2 mmHg increase in normal weight children), which is comparable to our finding of 1.0 mmHg increase in daytime SBP per gram of salt in the overweight/obese boys of our study. Elevated BP in obese individuals is usually associated with a volumedependent increase in stroke volume, sodium retention and higher salt sensitivity, probably due to the combined effects of hyperinsulinemia, hyperaldosteronism, and increased activity of the sympathetic nervous system [13, 15] . Hyperinsulinemia is known to be correlated with elevated BP, especially nighttime BP, and is considered to be a herald of hypertension associated with insulin resistance, as well as associated with excessive central sympathetic nervous system activity, increased peripheral resistance and increased sodium reabsorption in the kidney [35] . Thus, it is possible that the larger effect of salt on BP in the overweight/obese boys is the result of the combination of several deleterious mechanisms and a higher salt sensitivity which is already active at a young age. In our study, which mainly included normotensive children, the association found between salt and BP is particularly important.
Although the effect of salt on BP may vary in hypertensive children, the existence of an association in the normotensive range raises additional concerns for public health.
Differences between genders
We observed a higher salt intake in boys than in girls, a difference which has been described in previous studies [18, 29] . This association is believed to reflect the different energy requirements of boys and girls, with those of boys being higher and thereby leading to greater food consumption and higher salt intake. Nonetheless, the differential effect of salt on the BP of males and females requires further explanation. It is well established that premenopausal women have a lower incidence of hypertension than men [36] , and female sex hormones are believed to have protective effects against saltinduced increases in BP, possibly by augmenting the renal excretion of sodium [37] . A study in prepubertal children reported that boys and girls at a biologically comparable prepubertal stage showed a 1.5-year difference in chronological age (boys were older), with comparable levels of circulating estrogens [38] .
This finding suggests that in our sample of boys and girls of the same age, the girls could actually be at a more advanced pubertal stage, with higher estrogen levels altering the effect of salt on BP and making them less salt sensitive. Indeed, various studies involving prepubertal children have reported significantly higher levels of estrogens in girls than in similarly aged boys [39, 40] . However, in the absence of sexual hormones measurements and confirmation of pubertal status, we are unable to draw any definite conclusions from our interpretation of these specific results. Another possible explanation for our findings might be related to differences between the sexes in terms of body composition and fat distribution, which are known to occur even before puberty [41] , since salt sensitivity is known to be higher in overweight/obese subjects [13] . We also cannot exclude the possibility that our results might represent a chance finding. Future studies which take both sexual hormones and body composition into account may provide an explanation of our findings.
Strengths and limitations
We evaluated a large population-based sample of young children, which allowed us to compare gender and nutritional status subgroups, which is seldom seen in other studies, especially in children of such a young age. Moreover, the standardized protocol of the cohort evaluation allowed us to adjust for potential confounders of the association between salt and BP, such as body size, early life factors, and family history of hypertension, which could account for part of the genetic and epigenetic influence of salt on BP. Specifically, the adjustment for the adequacy of birthweight to gestational age allowed us to account for the inverse association between birthweight and later risk for high BP levels, an association which is now well established and recently reviewed by Mu et al. [42] . Also, we estimated salt intake by the measurement of sodium excretion in 24-h urine samples, which is considered to be the gold standard [43] . Finally, we chose to evaluate BP by ABPM since this method is more accurate, although it has rarely been used in children to assess the association between salt intake and BP.
Our study is limited by its cross-sectional design, and the associations found between BP and salt intake have to be interpreted with caution. Although sodium excretion in 24-h urine samples is considered to be the gold standard to estimate salt intake [18] , it has limitations that should be acknowledged. There is a significant day-to-day variation in sodium excretion, reflecting the variation in salt intake; to increase the accuracy of the estimation it would be necessary to perform multiple 24-h assessments, which is not always feasible. It is also difficult to ensure a complete 24-h collection, particularly in children [31] , which is why we submitted urine samples to strict creatininuria validation criteria. However, it should be noted that in the case that urine samples were undercollected (a urine collection over too short a time period is more likely than over too long a time period), then our results would be underestimating salt intake and not the contrary. In our setting and since our aim was to establish the existence of associations between BP levels and salt intake, rather than to classify subjects by their hypertensive status, we decided to use raw BP values instead of SD scores. Nonetheless, the adjustment for age and height in our regression models allowed us to adequately account for the effect of height upon BP levels, without impacting the interpretation of our results in light of the reference value used. Given the regional specificity of diet in terms of salt consumption, studies in different populations are warranted to support the generalizability of our findings.
Conclusions
A striking proportion of children have an estimated salt intake above all recommendations, even those for adults. Also, higher salt intake was associated with elevated BP in prepubertal boys, and this effect was stronger among the overweight/obese, who also had a higher salt intake. This association was not observed in girls.
Overall, our data and those from other studies reinforce the notion that childhood is a crucial period for future BP values and highlights this period as a target for preventive approaches to be taken. Based on these results, we urge for dietary salt reduction interventions, along with measures to fight obesity, to be implemented as early in life as possible in order to reduce the long-term impact of salt consumption on the quality of health and life of the world's populations. Longitudinal studies are needed to further evaluate the causal relationship between high BP and obesity and the mechanism by which salt intake modulates this relationship.
